Abstract-We optimize the package of the cilium-type MEMS bionic vector hydrophone introduced by Chenyang and Wendong in 2007, which has the disadvantages of a low receiving sensitivity, narrow frequency band, and fluctuating frequency response curve. Initially, a full parametric analysis of frequency response and sensitivity with different material sound transparent cap were made. Then, we propose and realize an umbrellatype packaged structure with high receiving sensitivity and wide frequency band. The theoretical analysis and simulation analysis are conducted by ANSYS software and LMS virtual. Lab acoustic software. Finally, to verify the practicability of the package, the umbrella-type packaged hydrophone calibration was carried out in the National Defense Underwater Acoustics Calibration Laboratory of China. The test results show that the performance of umbrella-type hydrophone has been greatly improved compared with the previous packaged hydrophone: exhibiting a receiving sensitivity of −178 dB (increasing by 20 dB, 0-dB reference 1 V/µPa), the frequency response ranging from 20 Hz to 2 kHz (broaden one times), the fluctuation of frequency response curve within ±2 dB, and a good dipole directivity.
I. INTRODUCTION
T HE vector hydrophone can not only detect the acoustic pressure signal and vibration velocity signal simultaneously, but also have dipole directivity. In the underwater acoustic measurement system, the use of the vector hydrophone improves the anti-interference ability and the line-spectrum detection ability [1] - [3] . Today, the study on vector hydrophones greatly attracts many research institutions. Leslie et al. fabricated a hydrophone to measure the water flow velocity by mounting a velocity pickup in a rigid, spherical Housing [4] . Fan Zhifang from University of Illinois at Urbana-Champaign reported the development of micromachined, distributed flow sensors based on a fish's lateral line [5] . N. Izadi1 from University at Bonn reported the fabrication of aquatic hair based flow sensors inspired by a fish's lateral line [6] . Anders Heerfordt, et al developed a fiber hydrophone, which can work without electric power source, and is very applicable to the hydrophone towed array [7] - [8] .
However, the development of acoustic technology and the weakness of the target signals have made high-sensitivity and low-frequency detection more and more urgent. Today, there are several critical problems about vector hydrophone to be solved: high-sensitivity, VLF (very low frequency) detection, miniaturization, anti-noise interference [9] , [10] .
To solve the above problems, Zhang Wendong, et al designed a kind of cilium-type MEMS bionic vector hydrophone by imitating the auditory principle of a fish's lateral line organ and using the bionic theory and piezoresistive principle [11] , which has the advantages of miniaturization, rigid mounting, low-cost, good low-frequency characteristic, etc. The articles published previously focused on the process of the MEMS vector hydrophone and great achievements have been made [12] , [13] . But there are still two key technology limitations in engineering application. Firstly, the receiving sensitivity of the hydrophone is low (−197.7 dB, 0 dB reference 1 V/μPa); secondly, the frequency band is narrow (20Hz∼ 800Hz).
In previous study [12] , [13] , we conclude that the package of the hydrophone is unreasonable. The resonance frequency of the sound transparent cap is too low and the cap's own various characteristics stack on the natural characteristic of the MEMS chip, resulting in a low receiving sensitivity, narrow frequency band and fluctuating frequency response curve. Therefore, this paper optimizes the packaged structure in several aspects, expecting to increase the resonance frequency of cap and to further improve the MEMS hydrophone performance. We study the influence of material of the sound transparent cap on frequency response and sensitivity, and then combining with acoustic wave equation, propose an "umbrellatype" packaged structure. Through the above improvement, the sensitivity has been increased by 20 dB and frequency band broaden by one times.
II. BIONIC PACKAGE PRINCIPLE
According to the bionic principle [14] , [15] , the senseconducting pathway of a fish's lateral line organ can be obtained. Pressure in water will change under external force caused by sound waves, vibration waves and water flow velocity. This pressure travels into the lateral line canal through the lateral line pore, where the force is transferred to the mucus, causing the mucus to flow, which moves to the neuromast and results in motion of the sensory cupula. The motion of the cupula results in deflection of the kinocilia via the lymphatic mucus flowing into the cupula. The kinocilia is the relevant mechanical stimulus for the hair cells. Thus, the hair cells are stimulated, then the signals are transferred to the medulla oblongata through the sensory nerve fibers and the lateralis nerve [16] - [18] .
When applied in underwater detection, the microstructure of MEMS vector hydrophone cannot detect underwater signals directly without a sound-transparent, insulated and waterproof package. A shell should be designed to isolate hydrophone microstructure from water. Additionally, to improve the antipressure ability of the entire structure and avoid bubbles, the shell must be filled with liquids. Furthermore, the material of the shell must have good sound-transparent characteristic to ensure that acoustic signals can be maximally transferred to cilium.
To this end, according to the sense-conducting pathway of a fish's lateral line organ, the bionic package principle of the cilium-type MEMS bionic vector hydrophone [11] - [13] is shown in Fig. 1 . In packaging, the cap (shell) is made of sound-transparent polyurethane, and the insulating silicone oil has a low viscosity with a characteristic impedance very near that of water, is poured into the cap. As shown in Fig. 2 , the cupula, mucus, kinocilia, hair cells and nerve fibers are replaced by rubber cap, silicone oil, optical fiber cylinder, piezoresistors and wire, respectively. When an underwater acoustic signal is applied on the rubber cap (cupula), the silicone oil (mucus) will transmit the signal to the optical fiber cylinder (cilia). The movement of the optical fiber cylinder causes deformation of the beams. Consequently, the resistance of the silicon piezoresistors (hair cells) on the beams will change. When there is incentive direct current, the change in the resistances will be converted to an output voltage using a Wheatstone bridge via the metal wire (efferent lateralis neuron). Therefore, the underwater spatial acoustic signal will be detected.
III. IMPROVEMENT OF PACKAGE
Two key issues should be considered while designing the acoustic packaged structure of the cilium-type MEMS bionic vector hydrophone: broaden frequency band and increase sensitivity. On the basis of previous work [11] - [13] , we know that the mainly results leading to the narrow frequency band is the resonance frequency of the sound transparent cap is too low. So, firstly, a full parametric analysis of frequency response and sensitivity with different material sound transparent cap were made. Then, we propose an "umbrella"-type packaged structure.
A. Effects of the Sound Transparent Cap Material Properties on Frequency Response and Sensitivity
In order to explore the effects of the different material properties, we compared the resonance frequency of the soundtransparent cap and sound-transmission coefficient of the cap by changing Young's modulus E, Poisson's ratio ν and the density ρ.
The coupled modal and the acoustic attenuation of the sound-transparent cap with different material properties are simulated by LMS virtual. Lab acoustic [19] . Sound fields are established, as shown in Fig. 8(a) . The radius and height of the sound-transparent cap are determined on the basis of the four-beam microstructure: height is 20 mm, radius is 12.5 mm, and thickness is 2 mm, respectively.
The process of simulation is as follows: firstly, finite element 3D model is created by ANSYS including the soundtransparent cap, silicone oil inside the cap and seawater outside the cap; then import it into LMS virtual. Lab acoustic; after which, define A field point (in silicone oil inside the cap) and B field point (in seawater outside the cap), as shown in Fig. 8(a) , and define the acoustic resource intensity as 1Pa. The properties parameter of seawater and silicone oil used are given in Table I . Fig. 3 shows the deformation diagram of the seawatercap-silicone oil coupled modal. First, we obtained the resonance frequency from the coupled modal analysis, as shown in Fig. 4 . Fig. 4(a) shows that the resonance frequencies increase with the increasing of the Young's modulus E, for fixed density ρ = 1070kg/m3 and Poisson ratio ν = 0.42. Fig. 4(b) and (c) shows that the resonance frequencies decrease with the increasing of the Poisson's ratio (for E = 62.5MPa, ρ = 1070kg/m3) and the density (for E = 62.5MPa, ν = 0.42).
The sound-transmission coefficient τ can be expressed as the ratio between the transmission sound intensity level I t and the incidence sound intensity level I i [20] 
where p t , p i are the transmission acoustic pressure and incidence acoustic pressure, respectively. We extract the sound at point A (inside the cap) and point B (outside the cap) respectively with different characteristic impedance. And the sound-transmission coefficient can be calculated according to equation (1) . Fig. 5 illustrates the effects of the changing of characteristic impedance on the sound-transmission coefficient at 1 kHz. It can be concluded that, in order to obtain the highest the sound-transparent coefficient, the characteristic impedance of materials should be equal to or close to that of seawater.
Then, we consider four basic materials for the soundtransparent cap, which are particularly suited to underwater applications in view of their adhesion and waterproof. And the elastic properties are given in Table II. The first four coupled modes for the four different materials cap are shown in Fig. 6 . And the sound-transparent coefficient for the four different materials cap are shown in Fig. 7 (the simulation frequency is 50Hz ∼ 2500Hz).
Figs. 6 and 7 show that although the resonance frequencies of the nylon1010, polysulfone and FRP sound-transparent cap are 4.17 KHz, 6.19 KHz and 13.5 KHz respectively, which are far higher than that of polychloroprene sound-transparent cap (0.875 KHz); the sound transmission performance clearly deteriorates, which decreases the sensitivity of hydrophone to a great extent.
The objective of designing the packaged structure is to broaden frequency band of the hydrophone and to improve frequency response without decreasing the sensitivity. So, although the nylon1010, polysulfone and FRP caps can realize the improvement of frequency respond and broadness of the frequency band, the sensitivity is decreased too much. Therefore, in view of the above analysis, the method by using other materials to replace polyurethane cap is impractical. It could be reasonable to ascertain that there is no material able to improve the performance of the hydrophone.
B. "Umbrella"-Type Packaged Structure
According to section A, we know that the method by changing the materials of sound-transparent cap is impractical. Among the acoustic-electric transducer structure, the optical fiber cylinder plays the role of detecting the acoustic waves and can directly sense the acoustic particle motion. So we propose an "umbrella-type" packaged structure combining with the acoustic continuity equation, as shown in Fig. 8(b) . The "umbrella-type" packaged structure can centralize acoustic power on the optical fiber cylinder, which improves the acoustic receiving efficiency as well as the sensitivity of the hydrophone. Meanwhile, the rigid support frame is adhered to the inner side of the cap, which makes sound-transparent cap structure more rigid as well as broadens the frequency band of the hydrophone. The parameters of the "umbrella-type" rigid support frame are determined based on the structure of sound transmission-cap. A three-dimensional model of the "umbrella-type" packaged structure is shown in Fig. 9 . Theoretical analysis, simulations and experiments are carried out to verify the practicability of the "umbrella-type" packaged structure.
1) The Theoretical Analysis of the Effects of the "UmbrellaType" Packaged Structure on Sensitivity and Frequency
Response: Fig. 10 . shows the schematic diagram of sound propagation with "umbrella-type" packaged structure. Continuous medium can be seen as a material system which is composed of many inextricably linked volume element. The medium in the volume element can be treated as a particle. Take a volume element "dV" of silicone oil in the "umbrellatype" packaged structure, as shown in Fig. 11 .
From Fig. 10 , we can see that the sectional area of the silicone oil in the "umbrella-type" packaged structure is gradually shrinkage. So according to the mass conservation law and fluid continuity equation, the mass variations in the volume element closer to the optical fiber cylinder is more than that in the Schematic diagram of acoustic propagation in "umbrella-type" packaged structure. Fig. 11 . The volume element model of silicone oil in the "umbrella-type" packaged structure.
volume element away from the optical fiber cylinder, that is
where, ρ 1 and ρ 2 are the average density variations in the volume element closer to the optical fiber cylinder and away from the optical fiber cylinder in presence of a small-amplitude acoustic wave. So,
Acoustic waves in an ideal fluid are adiabatic, so that the pressure P and density ρ small perturbations are related by the equation of state [20] , [21] 
with c 0 denoting the speed of sound in the fluid. Therefore, the acoustic pressure P 1 in the volume element closer to the optical fiber cylinder is greater than the acoustic pressure P 2 in the volume element away from the optical fiber cylinder
Acoustic energy in volume element is [21] :
where, ρ 0 is the medium density without acoustic perturbation, P is the acoustic pressure with acoustic perturbation, υ is the medium particle velocity. So, we can conclude that the acoustic energy AE 1 in the volume element closer to the optical fiber cylinder is greater Fig. 12 . The first sixth resonance frequency of pre-packaged structure and "umbrella-type" packaged structure.
than the acoustic energy AE 2 in the volume element away from the optical fiber cylinder.
Therefore, the "umbrella-type" packaged structure can gather energy, and increase the sensitivity of hydrophone.
Moreover, to ensure that the mechanical properties of the packaged structure cannot affect the sensitivity and frequency response, the first resonance frequency of the soundtransparent cap must be far higher than that of MEMS chip (sensing units). In the previous packaged structure, the first resonance frequency of the cap is lower than that of MEMS chip [11] - [13] , which severely affects the performance of the hydrophone. Compared with the previous package, the "umbrella-type" packaged structure adds a metal rigid support frame adhered to the inner side of the cap, which makes soundtransparent cap structure more rigid as well as improves the elasticity coefficient. Theoretically, it approximately equivalent to the situation that a closed box is divided into 4 equal parts, and each mass is
where
are the distinguished-mass, M is the total mass. The resonance frequency of the structure is
According to the equation (9), we can conclude that the resonance frequency of the "umbrella"-type packaged structure approximately is 2 times higher than that of the pre-packaged structure.
2) The Simulated Analysis of the Effects of the "UmbrellaType" Packaged Structure on Sensitivity and Frequency Response: To verify the validity of the theoretical analysis, we carried out the acoustic simulation by ANSYS and LMS virtual. Lab acoustic.
a) Modal analysis and Harmonic response analysis:
The modal analysis and harmonic response analysis are conducted, and the first sixth resonance frequency of pre-packaged structure and "umbrella"-type package structure are shown in Fig. 12. Figs. 13 and 14 show the first mode of prepackaged structure and "umbrella-type" packaged structure. Fig. 15 shows the harmonic response of "umbrella"-type Fig. 13 . The first mode of pre-packaged structure.
Fig. 14. The first mode of "umbrella-type" packaged structure. Fig. 15 . Harmonic response of pre-packaged structure and "umbrella-type" packaged structure. Fig. 16 . The cohesive energy model of "umbrella-type" packaged structure.
package structure. It can be seen that the first resonance frequency of the "umbrella"-type packaged structure is nearly 2∼3 times higher than the pre-packaged structure, as well as far higher than that of MEMS chip. The simulation results keep consistent with the theoretical analysis results.
b) Acoustic analysis: Fig. 16 illustrates the cohesive energy model of "umbrella-type" packaged structure by Fig. 17 . Acoustic pressure curve inside the cap of pre-packaged structure and "umbrella-type" packaged structure. Fig. 18 . Simulated sensitivity of pre-packaged structure and "umbrella-type" packaged structure.
ANSYS. It can be seen that the particle velocity is obviously much larger at the location closer to the optical fiber cylinder than that of the locations away from the optical fiber cylinder, which is agreement with the theoretical analysis.
We extract the acoustic pressure at point A (inside the cap) with pre-packaged structure and "umbrella-type" packaged structure respectively in LMS virtual. Lab acoustic. Fig. 17 shows the acoustic pressure inside the cap, respectively, as a function of frequency. It can be seen that the acoustic pressure inside the cap with "umbrella-type" packaged structure is higher than that with pre-packaged structure.
The sensitivity can be expressed as by the voltage output at a unit sound pressure (1Pa), for the P-type piezoresistors: (10) where σ 1 is the longitudinal stress, V in is the input voltage. We can obtain the simulated stress on the location of the piezoresistors under different acoustic pressure by static analysis, and then the sensitivity in presence of an acoustic wave at different frequencies can be calculated according to equation (8) . Fig. 18 shows the calculated pressure sensitivity (0 dB reference 1 V/uPa). It can be seen that the simulated sensitivity of the "umbrella"-type packaged hydrophone is up to −175dB, which increases nearly by 20 dB comparing with the pre-packaged hydrophone (−195.5 dB). 
IV. CALIBRATION TEST
The packaged vector hydrophone is shown in Fig. 19 . To verify the performance of the "umbrella-type" hydrophone, the Calibration of the hydrophone was processed in a standing wave field in the National Defense Underwater Acoustics Calibration Laboratory of China. The measurement system includes a function generator, a power amplifier, a calibration tube, data acquisition system, and revolver. Schematic diagram of the test setup is shown in Fig. 20 . The reference hydrophone was hung in water and the tested hydrophone was fixed on the revolver, as shown in Fig. 21 .
The sensitivity test adopts a standing wave comparison calibration, i.e., the open-circuit voltage output of the tested MEMS hydrophone is compared with the reference hydrophone to determine the sensitivity of the tested hydrophone. Fig. 22 depicts the frequency response of the pre-packaged hydrophone and "umbrella"-type packaged hydrophone. It can be seen that the receiving sensitivity of the "umbrella"-type packaged hydrophone reaches −178 dB (0 dB reference 1V /μPa), increased by 20 dB comparing with the pre-packaged hydrophone, and that the frequency band ranges from 20 Hz to 2 KHz (broaden one times).More importantly, the fluctuation of the curve is within ± 2dB (decreased by ±3 dB). The directivity pattern of the "umbrella"-type packaged hydrophone at the frequency of 315 Hz are depicted in Fig. 23 , which shows that the hydrophone has a good directional pattern in the form of an "8" shape(dipole directivity) and good symmetry, where the concave point depth reaches 38.4 dB.
V. CONCLUSION
We studied the influence of material of the sound transparent cap on frequency response and sensitivity of the ciliumtype MEMS bionic vector hydrophone introduced by Zhang Wendong, etc. In connection with the sound-transparent cap elastic properties, high value of the Young's modulus, low values of Poisson's ratio and density are desirable for enhancing the resonance frequency, and in order to obtain the highest the sound-transparent coefficient, the characteristic impedance of cap materials should be equal to or close to that of seawater. Four basic materials particularly suited to underwater applications were considered. Our full numerical analysis results indicate that by using other materials to replace polyurethane cap is impractical.
So, based on the fluid continuity equation, an "umbrella"-type packaged structure of the hydrophone is proposed, which can improve the sensitivity by gathering energy and broaden the frequency band by increasing the resonance frequency of the sound-transparent cap structure. The test results verify the effectiveness of the "umbrella-type" packaged structure. Compared with the pre-packaged structure, the receiving sensitivity of hydrophone is increased by 20 dB and the frequency band is broadened by one times. Additionally, the fluctuation of frequency response curve is decreased by 3 dB. The hydrophone exhibits a good directional pattern in the form of an "8"-shape, and the curve is smooth. The experimental results keep agreement with the theoretical analysis and simulations, confirming the correct modeling of the hydrophone as well as its prediction capability, further verifying the feasibility of detecting underwater acoustic signals by the "umbrellatype" packaged hydrophone, which establish foundation for further engineering application.
